RESULTS AND DISCUSSION
We use the regular surface topography provided by these nanotextures for vapor phase synthesis of quasi-1D nanostructures using physical vapor deposition. This concept, first implemented in the 1990s and highly developed by groups around the world (e.g., 34, 35 ) relies on surface shadowing when vapor flux is brought to the substrate surface at a near-parallel incident angle. Many previous studies have shown that atomic asperities can provide seeds for nanostructured film growth. Here, we use the block copolymer-defined seeds to provide a high degree of control over the nanostructure diameter. We are not the first group to employ this approach. For example, excellent prior work has been reported by the groups of Buriak and Brett at the University of Alberta, who have used glancing angle deposition onto block copolymer seed layers 36 for growth of organic semiconductors for solar applications.
37, 38
Thin Film Reflectance
We synthesize close packed arrays of oriented germanium (Ge) nanowires by bringing the flux of Ge vapor to the sample at an angle of 5 degrees from sample parallel. Depositing the metal at a rate of ~0.1 nm/s results in growth of ~100 nm long wires inclined at an angle of ~30° from the plane of the substrate (Figures 3a, b) . The average wire diameters reflect those of the initial alumina seed layer. Growing wires from 14 nm diameter alumina seeds, patterned from a 48 kg/mol block copolymer template (Figure 3a) are qualitatively thinner than those grown from initial 25 nm diameter seeds (patterned using a 99 kg/mol block copolymer) (Figure 3b ).
Such thin films of densely packed, oriented nanowires can behave as effective optical media, because the lateral dimensions are deeply subwavelength. 39, 40 In this case, the oriented germanium wires form an effective medium with optical index given by:
where f is the germanium film volume fraction ~ 23% for our films, which yields = 0.23 • (4.5) + 0.77 • (1) ≈ 1.8
for the porous material. A medium with intermediate optical index serves to improve the optical coupling at an interface between two different materials, such as in this example between air (n = 1) and silicon (n ~ 4). The effect of better optical coupling is reduced reflectance --Ge thin films composed of wires grown on a silicon substrate reduce the reflectance across all incident wavelengths, from the ~40% of a polished silicon (not shown) to less than 20% (Figure 3c , black and white triangles). In contrast, a solid Ge film of similar thickness leaves the reflectance unchanged, because n Ge is similar to n Si ~ 4. The nanowire thin films minimize the optical reflectance at a wavelength given by:
where t is the film thickness. In this case, Eq. 3 predicts a 100 nm thick film of Ge wires will minimize reflectance at ~720 nm, while a 175 nm thick film has a minimum at 1260 nm. These value are similar, though smaller than those measured in our films (Figure 2c ), where we find λ min ~ 800 nm and 1450 nm, respectively. We understand the larger discrepancy between the predicted reflectance minimum and the measured value for the film of 175 nm long nanowires as being caused by wire diameters being broadened at their tip, relative to the base. The wider wires increase the Ge film volume fraction above that given by the estimate of Eq. (1), increasing n eff and shifting to longer wavelengths.
Hydrophobicity
Nanostructures are known to strongly influence the nature of liquid interactions with surfaces, and in particular have been shown to induce increased hydrophobicity by providing textures that trap air between the solid-water interface. This effect is often described by the Cassie-Baxter model, in which the trapped air bubbles reduce the amount of solidwater contact and thereby increase the hydrophobicity. 41 This scenario represents only a metastable state, however, because finite pressures applied to the liquid drop will eventually cause infiltration of the surface texture. Importantly, the surface's ability to withstand finite pressures increases with decreasing space between textures. 42 We have synthesized silicon surface nanotextures by oblique angle deposition of silicon by electron beam evaporation at an angle of 5 degrees from substrate parallel, onto a layer of alumina seeds templated by a 99 kg/mol molecular weight block copolymer film. The alumina seeds have dimensions of 25 nm average diameter, 50 nm separation, and 25 nm height (Figure 2b, d) . In this case, substrate heating to ~70 °C during vapor phase synthesis changes the angle of nanowire growth relative to the substrate, resulting in more perpendicularly oriented wires with an angle of >65° relative to substrate parallel (Figure 4a) . We rendered the silicon surface nanotextures hydrophobic by passivating with a 2.5 nm thick octadec h).
We measure increase from predicted by where is liquid. For h the silicon na does not dis yl for 10 gnificant r to that (4) with the this case, structure a block ) copolymer based approach, 43 but are not as high quality as those obtained previously in our laboratory using a plasmabased etch approach to nanotexture formation, 7 rather than vapor-phase synthesis.
Complex Materials and Heterostructures
We may combine synthesis of oriented quasi-1D nanostructures by oblique physical vapor deposition onto block copolymer patterned seed layers with further material processing in order to create more complex materials. For example, we first synthesize iron nanowires by electron beam evaporation (~0.1 nm/s) at an angle of 5 degrees from substrate parallel onto a layer of 14 nm diameter alumina seeds (Figure 5a ). Subsequent thermal oxidation of this structure by rapid thermal processing at 550 °C for 5 m in oxygen coverts the iron nanostructures into Fe 2 O 3 . The 1.5× volume expansion due to the density difference of 7.87 g/cm 3 (Fe) and 5.24 g/cm 3 (Fe 2 O 3 ) results in a wire diameter increase of ~22%, which narrows the space between wires and completely swells it shut in some locations (Figure 5b) .
Alternatively, we can use conformal deposition approaches to create core-shell heterostructure materials from aligned nanowires. We uniformly fill the spaces between ~20 nm diameter germanium wire arrays, inclined 30 degrees from the substrate surface (Figure 5c ) by atomic layer deposition of 20 nm of titania. Because the germanium wires were grown from a 99 kg/mol block copolymer template pattern, the initial space between wires is of order ~25 nm. In this case, the entire wire interstitial region is filled with titania (Figure 5d ), leaving a solid film with germanium wires embedded.
CONCLUSIONS
The self-assembled patterns formed by block copolymer thin films provide both physical and chemical templates for structuring materials on the nanometer length scale over macroscopic areas. We have utilized such patterns for nucleating growth of one-dimensional nanomaterials of metals, semiconductors, and insulators from the vapor phase by oblique angle deposition. We have presented results demonstrating the utility of this approach for design of porous materials for antireflective coatings as well as increasing the surface hydrophobicity.
